The crystal structure of yeast tRNAIP enables visualization of an anticodon-anticodon interaction at the molecular level. Except for differences in the base stacking and twist, the overall conformation of the anticodon loop is quite similar to that of yeast tRNAPhe. The anticodon nucleotide triplets, GUC, of two symmetrically related molecules form a minihelix of the RNA type 11. The modified base m'G37 stacks on both sides of the triplets and enforces the continuity with the anticodon stems. Anticodon association induces long-range conformational changes in the region of the dihydrouracil and thymine loops. Experimental evidence includes the variation in the distribution of temperature factors between yeast tRNAPIe and tRNAAsP, the difference in the self-splitting patterns of tRNAASP in crystal and solution, and the differential accessibility of cytidines to dimethyl sulfate in free and duplex tRNAASP. These observations are linked to the fragility and disruption of the GC Watson-Crick base pair at the corner of the molecule formed by the dihydrouracil and thymine loops.
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The main function of tRNA molecules is to transfer amino acids in their correct order on the growing polypeptide chain within the ribosome (1) . That key step of protein synthesis relies on successful deciphering of the codon nucleotide triplet in mRNA by the anticodon triplet of tRNA. Experimental studies on the structure and dynamics of codon-anticodon complexes began with the determination of thermodynamic and kinetic parameters of the binding of complementary triplets (2) . Investigation of anticodon-anticodon interactions showed that tRNAs with complementary triplets form stable complexes. The binding constants of these tRNA dimers are 6 orders of magnitude larger than those observed with the corresponding trinucleotides. In their paper of 1978, Grosjean et al. (3) stressed the parallels between the relative stability of those complexes and the genetic coding rules, including the wobble interactions. One important difference was underlined; that is the stability of the short wobble pairs. Other interesting observations were made, such as the absence of correlation between stability of the duplex and G+C content. In the same paper, the existence in solution of duplexes of yeast tRNAASP was first noted.
The three-dimensional structure of yeast tRNAASP, a short extra-loop tRNA, revealed the existence of dimers in the crystal with the tRNA molecules associated by base-pairing of their GUC anticodons (4) . Comparisons of the crystal structure of tRNAASP with that of yeast tRNAPhe pointed to some interesting conformational differences and led to the suggestion that the molecular structure of tRNAPhe was that of a free tRNA, whereas the crystal structure of tRNAASP might reflect the situation of a tRNA interacting with the mRNA. The structure of tRNAASP has now been refined by using least-squares and graphic methods (5) so that a precise analysis of the structural parameters involved in anticodonanticodon interactions is possible. This paper correlates this analysis with biochemical experiments that strongly support the hypothesis of correlated conformational changes.
MATERIALS AND METHODS
Crystallographic Refimement. Refineement of tRNAASP in two closely related but nonisomorphous orthorhombic crystal forms was performed by combining the reciprocal space restrained least-squares method of Hendrickson and Konnert (6) and real space model fitting on an interactive graphic display using the program FRODO (7). The refined model of crystal form B, before addition of any ion or solvent molecule, leads to an agreement factor R of 22.3%. Details of the refinement process and related results are published elsewhere (5). Addition of ions and water molecules followed by few additional refinement cycles further decreases the discrepancy index to <20%. Refinement of the second crystal structure (form A) is also completed to a similar resolution (3 A), which is close to the limit of diffraction of the crystals. The R factor, before addition of solvent molecules, is 23%.
Analysis of Self-Splitting. The cuts in the ribose phosphate chain were analyzed after 3' end-labeling of the tRNA by adding [a-32P pCp with T4 RNA ligase (8 30 'C (25 min), 370C (20 min) , 50'C (10 min), 60'C (5 min), 750C (2 min), and 90'C (1 min). Modified cytidines were split with hydrazine at 0°C. All samples were then treated with aniline. We used the general procedure described by Peattie and Gilbert (13) .
RESULTS AND DISCUSSION
Anticodon-Anticodon Interactions. The crystal structure of yeast tRNAASP (GUC) confirms the existence of tRNA dimers through anticodon-anticodon interactions ( modulate the strength and thus the specificity of the interaction through a combination of sequence effects in the anticodon. In the present case, a permutation of G-C by C-G, as it would happen in the self-association of E. coli tRNAGIn (CUG), would modify the stacking interaction (14) .
The U U mismatch is interesting as uracil is the only base in that central position that allows homoduplex formation at neutral pH (3). The best fit to the electron density gives the model shown in Fig. 1 . There is no UtU pairing. This model can accommodate a normal base pairing A U with only minor adjustments.
Comparisons with Yeast tRNAPhe. When comparing the three-dimensional structures of tRNAPhe and tRNAASP, three remarkable differences are noticed: a widening of the angle formed by the two branches of the L in tRNAASP, a more regular anticodon stem in this same tRNA, and, finally, different interactions between the dihydrouracil (D) and thymine (T) loops (4, 5) . The first observation might suggest a movement of two rigid branches around a hinge point located at the interface of the D and T regions. A more careful analysis indicates that, in fact, the core of the RNA molecule, which includes the D stem and all base triplets, is not affected and that a large part of the differences lies in the stems. For example, an important variation occurs in the anticodon stem where the kink, which in tRNAPh' brings phosphate groups ofresidues 25 and 39 closer than 7.5 A and which was attributed to the presence of a spermine molecule (15) , does not exist in tRNAASP (here this distance is >10 A). A similar situation, but reversed as for the molecule involved, occurs at the junction of the T stem and the amino acid stem. As a result of the overall opening of the L shape, the distance between residues 34 and 72 varies from 65 A in tRNAPhe to 71 A in tRNAASP for the phosphorus atoms, and from 68 A to 75 A for the carbon (1') atoms.
When looking for specific differences, an obvious candidate would be the anticodon loop, which is in two different environments for the two tRNA molecules. However, a superposition of the two models underlines striking structural homologies. A picture of such a superposition is shown in Fig. 2B . The overlap exhibits only minor differences in base orientations, with a slightly more regular structure for tRNAAsP. The result of the best fit of the two anticodon loops on the rest of the molecules is shown in Fig. 2A , where the phosphate backbone of tRNAASP is drawn on the molecular model oftRNAPhe. The amplification factor introduced by the molecular differences is then more apparent. The distance between residues 1 or 72 of the two superimposed structures is >12 A. In both cases, the CCA end was removed for the sake of comparison because the conformation of this singlestranded portion is more affected by crystal packing.
Interactions between the D and T loops essentially involve the two conserved guanines G-18 and G-19. In both, tRNA G-18 stacks between the two purines 57 and 58 and forms an existence of the two conformations is given by one of the two binding sites of the gold derivative, which was used as a heavy atom marker for the structure determinations. In form B, Au binds to N-1 of A-57 in the T loop. In form A, the gold atom is also in a position suitable for a normal Au-N bond, but here it is 2 A from N-7 ofG-19. These sites are 3.5 A apart, from one form to the other. To summarize, we can say that the tertiary interaction G-19-C-56 is partially present in form A and is nonexistent in form B. The transition between the two crystal forms has been analyzed (16) and it is interesting to note that form A is the high-temperature form (>22°C). At this temperature, we are approaching the limit of stability for the dimers (25TC) and, therefore, are close to the equilibrium point.
Dynamic Behavior. A major difference between tRNAPhC and tRNAASP concerns the distribution oftemperature factors along the nucleotide chain (Fig. 3A) . The overall distribution is similar for both crystal forms of yeast tRNAPhe, thus excluding significant packing effects. To get rid of bias introduced by different refinement techniques, yeast tRNAPhe in the monoclinic form (17) was re-refined with the program used for tRNAASP. The results were again confirmed.
In yeast tRNAPhe, the temperature factor distribution clearly shows that the T/D loop region of the molecule is the more rigid part, whereas the stems and the extremities of the L are more agitated (18) . For yeast tRNAASP, the D and anticodon stems are quite rigid, whereas the D loop and, to a lesser extent, the T loop are quite agitated. These features are strongly suggestive of a correlated transfer of flexibility from the anticodon region to the T loop upon binding of the anticodon. The stabilization of the anticodon loop is a trivial observation because of the formation of three base pairs and stacking of the anticodon stems in a continuous helix. The correlated fragility of the T/D loop interactions by transfer of flexibility is less obvious, although it is easy to imagine that this part of the molecule would be the accumulation point for any transfer of vibrations.
Chemical Fragility of tRNAA8P in Solution and in the Crystal. Other experimental evidence for induced conformational changes and molecular flexibility comes from the analysis of self-splitting patterns of tRNAASP (Fig. 3B) . The autoradiograms show different degradation patterns associated with a different life cycle of the purified molecules. Supernatant noncrystallized tRNA from crystallization drops exhibits a significant amount of degradations distributed all over the sequence but with a marked increase of intensity around and after the anticodon loop. On the contrary, degradations in the D loop are comparatively very limited. These observations apply to at least three buffer conditions (lanes a, c, and e in relative intensity is significantly higher than that observed for the other conditions (condition c: 0.02-0.5%). Since these cuts are due to hydrolytic phenomena catalyzed by proton exchange (19) , their occurrence is clearly related to conformational flexibility of this part of the molecule. This simultaneous occurrence of three cuts near each other and of similar intensity confirms the flexibility hypothesis. Another possible explanation of the results might be a metal-catalyzed hydrolysis in the crystals resulting from a packing-induced binding site for a metal ion. But in that case, we would see a dominant cut near the binding site, as observed in yeast tRNAPhe for lead-catalyzed splitting in the D loop (20) (21) (22) . The correlation between anticodon-anticodon interaction and D-loop flexibility is further enforced by experiment d in Fig. 3B , where analysis was performed on redissolved crystals obtained in low salt conditions (2% PEG 8000), a condition that is now known for being unfavorable to duplex formation. In this case, the observed pattern is similar to that of the solution conditions: weak cuts in the D loop and marked cuts in the anticodon loop. To check the influence of ammonium sulfate, some assays were done on yeast initiator tRNAMet crystals grown in ammonium sulfate (23) . Only one significant cut at U-36 is observed in the crystalline state.
Mapping of Cytosine Residues by Dimethyl Sulfate. The experimental conditions under which tRNA molecules exist mainly as anticodon-anticodon dimers were defined in a previous study (24) and showed the importance of ammonium sulfate in stabilizing the association. To investigate the structural modifications induced by the anticodon-anticodon association, we studied the accessibility of cytosine (N-3) to dimethyl sulfate for yeast tRNAASP either free or engaged in anticodon-anticodon complexes with E. coli tRNAval (GAC) in the presence of ammonium sulfate. Here we only focus our attention to residues C-36 in the anticodon and C-56 in the T loop. Differential reactivities of these residues, under the various conditions tested, can be appreciated by comparing the intensities of their electrophoretic bands with those of C-20:1, which is an internal standard, because this residue reacts under both native and denaturing conditions (Fig. 4) . Below 30'C, most tRNAASP molecules interact through their anticodons (24) , a fact that is also reflected by the chemical mapping, since C-36 in the anticodon is protected against alkylation by dimethyl sulfate (see Fig. 4, lanes 2, 4, 6 , and 8). Under these conditions, C-56 appears partially reactive. Between 250C and 370C, C-36 becomes accessible and C-56 is protected. Above 50'C, C-56 becomes clearly reactive. These experiments are easy to rationalize when compared with the stability measurements done by Tjump (24) . Below 25°C, the anticodon-anticodon interaction is stable and tRNA dimers are dominant in solution with C-36 (N-3) protected by Watson-Crick base-pairing. The fact that C-56 becomes reactive is clear evidence of a correlated conformational change. Between 25°C and 37°C, the anticodon association is unstable so that the majority of the tRNAASP molecules are in their free state. The protection of C-56 (N-3) enforces the previous correlation and the idea of a conformational change. Above 50°C, the molecule starts to denature. The melting begins by the disruption of the D and T loops, thus making C-56 accessible to dimethyl sulfate.
Functional Implications. The crystal structure of yeast tRNAASP enables the first visualization of an anticodonanticodon interaction. This experimental model is very close to the theoretical one proposed by Fuller and Hodgson (25) . The first feature emerging from our study is the similarity of the anticodon loops of both the free yeast tRNAPhe and the bound tRNAASP. Except for differences in the base stacking and twist, the overall conformation of the anticodon loop is quite conserved upon duplex formation. This model is certainly of general significance since it can easily explain most of the observations made in various solution studies (e.g., see refs. 2, 3, 24, and 26). For example, in E. coli tRNAASP where the wobble base G is replaced by a Q residue, the stability of the self-association is drastically weakened. With E. coli tRNAva' (GAG) the interaction is restored with similar stability as between yeast tRNAASP and E. coli tRNAval.
Model building of the two situations, replacing G by the known crystal structure of the Q base (27) , shows a small steric hindrance when two Q bases are present and no effect of a single substitution. The bad interstrand contact occurs between the two cyclopentenediol side chains bound to C-7 of the 7-deazaguanine ring. In this case, the model again explains the experimental observations without further speculations. On the contrary, this result stresses the deleterious consequences of any perturbation of the normal conformation to accommodate even a small hindrance. That fact alone is a strong evidence against major conformational changes for recognition.
The second salient feature of this structural investigation is the demonstration of a conformational change in the D-and T-loop region of tRNAAsP induced by anticodon-anticodon on the ribosome emphasizes the dynamic potentiality of the molecule. The observed conformational change, although observable and significant, is not as large as those postulated by various authors (e.g., see refs. [29] [30] [31] . Our results suggest a mechanism based on a fine tuning of both anticodons with a transfer of flexibility to the end of the arm in the D-and T-loop region. The T loop can then be activated for recognition, with C-56 becoming accessible but not necessarily the whole loop. This part of the tRNA molecule has been implicated in interactions within the ribosome (refs. 32, 33 and references therein, and 34), although the exact nature of them remains controversial (35, 36) . The most likely mechanism of transfer would be through base stacking, as suggested by the variation of the twist values when going from yeast tRNAPhC to tRNAASP (5) . Such a domino process would accommodate both the long-range effect and the amplification factor. If so, the propagation effect would affect strategic conformations along the anticodon limb in tRNA. Kethoxal modification of a codon-tRNALIY complex, showing that codon binding provokes disruption of a base triplet involving the extra loop and the D loop, supports this view (37) .
The structural data of this study and the related observations can all be applied to codon-anticodon interaction. The interstrand stacking of the modified base 37 imposes a kink at the 5' side of the mRNA. A preformed RNA type 11 conformation of the same messenger at the recognition site is the most likely hypothesis. It is clear that when dealing with mRNA and tRNA within the ribosome, additional effectors are involved that can modulate both energy gains or losses and conformational changes (38, 39) . But since elongation factor, for example, does not interact with the anticodon loop and stem (40, 41) , it is legitimate to think that the conformation described for tRNAASP applies at least for the ribosomal A site. The conformation of the tRNA in the P site would be tRNAPhe-or tRNAMet-like. Our conclusions, that the differences between the structures of tRNAASP and tRNAPhe are linked to codon association, lead to the idea that in the P site this interaction is already disrupted.
